I. Introduction
Metastable ceramics produced by non-equilibrium processing techniques such as rapid solidification 1, 2 and chemical precursor synthesis 3 have been known to possess interesting and potentially useful properties such as hard or soft magnetic characteristics, semiconductivity, varistor action and optical transmittivity. Apart from possessing attractive
properties, a metastable phase may serve as a precursor to a desired microstructure; for instance, controlled crystallization of an amorphous phase is a route to produce a nanocrystalline structure. 4 Nanocrystalline ceramics are being widely studied because of their potential for novel functional and mechanical properties. [4] [5] [6] Among the various attractive properties, the possibility of superplasticity at high strain-rate and/or low temperature has spurred many research activities concerning the processing of nanocrystalline ceramics.
In order to study and utilize the nanostructured and other metastable ceramics extensively, it is important to synthesize these in bulk, dense form with control on the fine scale of the structure. Such efforts have not been entirely successful. Consolidation of particulate nanocrystalline and other metastable ceramics into dense forms requires activation in the form of high temperature, static or dynamic loading, or a combination of these. Such activation also triggers transformation to a more stable phase and grain growth, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] leading to the loss of the initial desired structure by the time full density is attained. On the other hand, conditions that allow the desired metastable phase or nanometric grain size to be retained may not be adequate for complete densification. In the present study, the understanding of metastable phase synthesis and characteristics 3, [21] [22] [23] [24] [25] [26] was applied to the hotpressing of amorphous ZrO 2 -Al 2 O 3 powders produced by spray pyrolysis in order to identify a pressure-temperature window in which consolidation would be possible without losing the metastable amorphous phase.
(1) Metastability in Spray-pyrolyzed ZrO -Al O 3
Spray pyrolysis is a route to the synthesis of amorphous and other metastable phases in ceramics at relatively low temperatures (1100 K and less). 3, 27 Owing to such low temperature of synthesis, the equilibrium state can be kinetically suppressed and the system may evolve through many metastable states. 
where m denotes monoclinic. The grain sizes remained smaller than 100 nm after holding at 1273 K for up to 100 h, indicating the stability of the ultrafine microstructure. In previous hot-pressing experiments 25, 26 on spray pyrolyzed amorphous ZrO 2 -40 mol% Al 2 O 3 under 1 GPa hydrostatic pressure, it was observed that the high pressure accelerated the formation of crystalline phases that are more dense and closer to equilibrium.
Thus, a sample pressed at 973 K was already crystalline, partitioned to some extent and nearly fully dense. In contrast, another sample pressed at 1173 K consisted of the equilibrium m-ZrO 2 and α-Al 2 O 3 phases and was significantly porous. These results imply that the farther the phases are from equilibrium, the better is the densification in spite of the substantially lower temperature. Also, the theory of nucleation applied to the transformation 3 of a parent phase, crystalline or amorphous, into a denser phase predicts that pressure is less effective in accelerating nucleation at lower temperatures. 26 In the present study, hot-pressing experiments were performed at comparatively lower temperatures (873 and 923 K) and pressures (500 and 750 MPa) in an attempt to prevent crystallization of the amorphous phase and yet provide enough activation to the densification process in the amorphous powder compact. As described below, our attempts were successful in producing dense amorphous compacts of ZrO 2 -Al 2 O 3 , with up to 99% relative density. The dense amorphous compacts were heat treated to produce nanocrystalline microstructures, demonstrating the feasibility of producing bulk nanocrystalline ceramics through this route.
The new processing route involving hot-pressing of a metastable amorphous phase was employed to overcome the well known problem of constrained sintering in ceramic composite processing. [28] [29] [30] [31] The presence of non-sintering reinforcement particles retards the sintering rate of a conventional powder compact. In the present case, the constraint of the Z40A and Z80A powders with a heating rate of 10 K/min. The temperature ranges of crystallization were identified by introducing as-sprayed powders into a furnace already heated to the desired temperature and removing it after certain duration (up-quenching). Xray diffraction (JEOL, JDX-8030) was used to identify the phases present. Differential thermal analysis (Polymer Laboratories) at a heating rate of 10 K/min was carried out on assprayed Z40A powder to confirm the crystallization temperature.
The true densities of the amorphous phases obtained by pyrolysis of the as-sprayed Z40A
powder by heating up to 1023 and 1073 K were measured by pycnometry using 25 ml specific gravity bottles and de-ionized water. 32 Weights of the bottles with powders and water were measured after allowing the water to fill all the inter-particle spaces by keeping the bottles in vacuum for 5 and 15 days, respectively, for the two powders. Effect of closed porosity was minimized by grinding the powders in an agate mortar and pestle.
(2) Hot-pressing
The starting powders and the conditions used for the consolidation experiments are listed in Table I . Hot-pressing was carried out on the as-sprayed agglomerated powders as well as those without the agglomerates. To produce de-agglomerated powders, the as-sprayed powders were first decomposed by holding at 1073 K for 1 hour so that all the volatile matter, except that retained till 1450K (see next section), was driven out. Agglomerates larger than ~10 µm were removed by sedimentation for 5 minutes in a 15 cm tall de-ionized water column, based on a true density of 3.3 g/cm 3 from pycnometry for Z40A. Settling time of 5.5 minutes was used for sedimenting ZASC, resulting in a finer powder.
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A nickel base superalloy die with 5 mm internal diameter was used for consolidation in a screw driven universal testing machine (Instron) fitted with a furnace. Boron nitride powder was used for lubrication and 0.2 mm thick flexible graphite foils were used as spacers between the pellet and the punches. Cold compaction was done at 750 MPa.
Prior to hot-pressing, the green compacts of the as-sprayed Z40A powder were heated to 1023 K for 5 minutes to bring about the decomposition of the as-sprayed material and concurrent sintering. As reported earlier, 32 this step leads to higher starting densities prior to hot pressing, than compaction of decomposed powders. The compacts at this stage had relative densities of ~70-75%. After cooling to 873 or 923 K, a pressure of 500 or 750 MPa was applied for up to 90 minutes. The de-agglomerated powders were heated directly to 923 K and pressed at 750 MPa. In all the experiments, the heating and cooling rates were 20 to 30 K/min. The pressure was released before cooling to room temperature.
Porosity measurements by quantitative optical microscopy and Vickers hardness measurements (Shimadzu, HMV-2000) were made on the polished hot-pressed pellets.
(3) Crystallization of Hot-Pressed Pellets
Differential thermal analysis (DTA) was performed on a hot-pressed pellet from agglomerated powder to compare its crystallization behavior with the loose powder. Some of the hot-pressed samples were sectioned and the small pieces were subjected to crystallization by up-quenching for temperatures lower than 1273 K and by slow heating for higher temperatures up to 1673 K. Powder X-ray diffraction (XRD) patterns were taken from the heat treated pieces (HUBER Guinier Type 642). SEM (Scanning electron microscopy, JEOL, JSM-840A) was performed on samples heat treated to 1673 K after coating with carbon or gold. Image analysis was performed on the SEM micrographs from gold coated samples to measure the porosity introduced during crystallization.
III. Results and Discussion

(1) Powder Characteristics
The as-sprayed powders are highly agglomerated, with a primary particle size smaller than 10µm. Thermogravimetric analysis (TGA) of as-sprayed Z40A (Fig.1) shows that it loses ~25% weight by 520 K, which is due to the moisture absorbed during storage. Between 820 and 1020 K, a further loss of 2.7% occurs. The weight remains constant between 1020
and 1450 K with a final weight loss of 0.6% occurring around 1470 K. Fig.1 also shows that the Z80A powder loses more moisture up to 520 K. The second weight loss of 2.7% occurs over a larger temperature range of 920 to 1170 K while 0.9% weight is lost at ~1470 K.
The XRD patterns in Fig.2 show that the Z40A powder is amorphous after 5 minutes at 1133 K. The beginning of crystallization to t-ZrO 2 is noted after 5 minutes at 1153 K while well developed peaks appear at 1193 K. This temperature range corresponds to the sharp exotherm at 1188 K in the DTA curve (Fig.3) . Table I summarizes the results of the hot-pressing experiments. The XRD pattern in Fig.4 7 from the Z40A pellet hot-pressed for the longest duration among these experiments (90 minutes) shows that it is amorphous. This result is corroborated by DTA carried out on a sample hot-pressed at 873 K (Fig.3) , which reveals the same exotherm at 1173 K as seen in the case of the powder. Optical micrographs of the hot-pressed pellets from as-sprayed Z40A
( Fig.5) show that significant densification occurs within 5 minutes of pressing at 923 K and 750 MPa. Since the as-sprayed powder is highly agglomerated, the hot-pressed pellets in Porosity in these dense regions was measured by optical image analysis and is listed in Table   I . No correlation is apparent between the time of hot-pressing and the final porosity, although the porosity after 90 minutes is the lowest in this set of experiments. Also, either a less severe pressure of 500 MPa or a lower temperature of 873 K does not appear to affect the densification process significantly. The large voids due to agglomeration may have masked the role of the hot-pressing parameters. However, these results also indicate the possibility that significant densification can occur at lower temperatures and pressures or in a short duration of a few minutes.
Hot-pressing of the decomposed, de-agglomerated powder yields a uniform distribution of fine porosity (Fig.6 ), measured to be 4%, including a few large pores (~50µm). The porosity distribution is fairly uniform throughout the pellet. It is observed that the overall porosity is sensitive to de-agglomeration. Complete pore elimination should therefore be possible by using finer amorphous powders (particles smaller than 1 µm), which can be accomplished in principle by comminution or by improving the spray pyrolysis technique.
Vickers hardness with 500 g load was measured on the Z40A samples and the values are listed in Table I . The measured hardness of the sample from de-agglomerated powder is much lower than those from the as-sprayed (agglomerated) powders. Owing to the uniform pore distribution in the sample from the de-agglomerated powder, more pores affected the 8 indentation compared to the pellets from agglomerated powder, for which the measurements were made on regions almost free of pores. Hence, the hardness measured on the sample pressed for 90 minutes, which has the lowest measured porosity, is taken as the hardness of the amorphous phase. It is lower by a factor of ~2.5 than the typical hardness value for partially stabilized ZrO 2 (~10 GPa) and by a factor of ~4.5 than that for α-Al 2 O 3 (~18 GPa).
(3) Crystallization of Amorphous ZrO 2 -40 mol% Al 2 O 3 Pellets
Crystallization of the amorphous hot-pressed pellets at 1173-1273 K, similar to that of the free, as-sprayed powder, produces t-ZrO 2 (Al 2 O 3 ) solid solution ( Fig.4 ) with 6-8 nm grains measured from the broadening of the 111 peak and by the application of Scherrer's formula, after subtracting instrumental broadening. The exothermic peak in Fig.3 (b) at 1178 K corresponds to crystallization. (A broad peak is seen at 664 K, the reasons for which are not known). The pellets developed additional porosity after crystallization; for instance, a sample heat treated at 1673 K for 2 hours contained ~31% porosity in regions that would be fully dense in the amorphous state. The size of these voids is a few hundred nanometers. The additional porosity is due to the large contraction expected from the molar volume difference between the amorphous and crystalline phases. After decomposition at 1073 K the density of the amorphous phase, as measured by pycnometry, 32 is 3.3 g/cm 3 which is 34% smaller than the density in the equilibrium state (5 g/cm 3 with m-ZrO 2 and α-Al 2 O 3 ). As described earlier in this section, transformation to the equilibrium phases α-Al 2 O 3 and m-ZrO 2 begins at 1473 K, at which stage the hot-pressed pellet has a ZrO 2 grain size of 100 nm. A bulk processing route for metastable and nanocrystalline materials emerges from the results of hot-pressing experiments on amorphous ZrO 2 -Al 2 O 3 powders described above, which establish the good sinterability of the amorphous phases at temperatures lower than 0.4T m with moderate pressures. The present results are distinct from other reports on 10 sintering with amorphous starting materials such as glass-ceramics, [33] [34] [35] [36] [37] [38] [39] amorphous mullite based powders, [10] [11] [12] amorphous Si-C-N [13] [14] [15] 40 and Si-Zr-N-O powders. 41 The amorphous phases in the conventional glass and glass-ceramic systems are readily obtained from the molten states at ordinary cooling rates, and are sufficiently stable even above the glass transition temperatures so that sintering can take place through viscous flow of the supercooled liquid without crystallization. 35 Our results pertain to oxides that can be A possible reason for the high sinterability of amorphous phases in ZrO 2 -Al 2 O 3 system is indicated by the true density of the amorphous ZrO 2 -40 mol% Al 2 O 3 phase. 32 As described earlier, the density of the amorphous phase is only 66% of the density of the equilibrium microstructure. Moreover, 27 Al MAS-NMR spectroscopy on the ZrO 2 -Al 2 O 3 amorphous and crystalline solid solutions 26, 42 have revealed the existence of 5-fold co-ordination of Al
3+
with O 2-cations in addition to 4-fold and 6-fold co-ordinations. These observations, together with the low hardness of the amorphous material, imply that the amorphous phase has a more open structure compared to the equilibrium phases and is also likely to possess high concentrations of point defects due to non-stoichiometry and non-equilibrium processing conditions. Consequently, it may possess high ionic mobilities and low viscosity. At present these are unresolved issues. However, the present work is a successful application of the understanding of metastable phase synthesis and behavior to the production of novel ceramic microstructures in bulk form. reinforced with SiC particles (bright phase). This composite with only 1% porosity was produced at 923 K under 750 MPa pressure in air. Pores are randomly distributed whereas they surround the SiC in conventional processing 28, 30 . 
